I. INTRODUCTION
Photoinduced charge transfer in blends of -conjugated polymers with complementary p-and n-type semiconducting properties is being studied intensively, motivated by the possibility to utilize these composite layers in photovoltaic devices. In fact, the use of two materials with complementary p-and n-type electronic properties is crucial to the operation of any polymer solar cell because photoexcitation of a pure conjugated polymer generally provides a bound electronhole pair or exciton rather than free charges. 1 However, the charge carriers required for the photovoltaic effect can be created in high yield in a photoinduced charge transfer at the interface of donor ͑p-type͒ and acceptor ͑n-type͒ materials with appropriately positioned energy levels.
2,3 Surprisingly high efficiencies ͑Ͼ50% ͒ for collection of photoinduced charge carriers with respect to incident photons have been observed in bulk heterojunction photovoltaic devices that use an active layer of a -conjugated polymer blended with a fullerene derivative. [4] [5] [6] [7] In these blends, neutral excitons resulting from photon absorption by one of the two components diffuse to the interface, where dissociation into charge carriers can occur. It is well established that the microscopic structure of the bulk heterojunction is crucial to the performance of the device because intimate mixing ensures efficient charge generation and because the two phases should provide percolating pathways for both photogenerated charge carriers to opposite electrodes. The morphologies of the various composite layers have been analyzed in detail and blends that show phase segregation of the electron donating and accepting material with a typical length scale of in the range of 10-100 nm show optimal photovoltaic performance. [8] [9] [10] [11] [12] Following charge generation at an interface, the charges have to be separated spatially and escape from recombination before they can be transported and collected at the electrodes. However, given the relatively low dielectric constant of organic molecules and polymers, one expects that the charge carriers will be relatively strongly bound by the Coulomb force. In fact, the process leading to generation of free charges inside these organic materials is presently only partly understood. [13] [14] [15] [16] [17] [18] It has been shown that a built-in electrical field, resulting from the use of two electrodes with different work functions, is essential to collect the charges generated at the interface efficiently. 19 At present it is not entirely known which criteria the electron accepting and donating materials have to fulfill to ensure efficient separation of the initial geminate charge pairs into free charge carriers. Moreover, in polymer blends a special type of excitation may exist that occurs uniquely at the interface between electron donating and accepting material.
The excitation has a charge-transfer character and may in a very crude approximation be viewed as a hole on the electron donating material and an electron on the electron accepting material bound together by the Coulomb attraction between these two quasiparticles. Such states are often referred to as exciplexes.
The formation of excited-state complexes or exciplexes has been investigated in detail for aromatic molecules in solution. 20, 21 After photoexcitation of certain aromatic molecules and collision of these excited molecules with a second molecule with strong electron donating or accepting properties, a complex can be formed which is stable only in the excited state and that can often be observed by a characteristic emission at a photon energy that is lower than the emission of either of the two components. This exciplex derives its stability from delocalization of the electronic excitation over the two molecules and from partial electron transfer between the donating and accepting molecule. The chargetransfer character of this exciplex has been found to increase with the strength of the electron donating properties of the one component and with the electron affinity of the other. The occurrence of exciplex-type emission in bends of -conjugated polymers is a relatively recent discovery. In heterojunctions of polymer-polymer blends redshifted emission has been observed and attributed to an exciplex state. [22] [23] [24] Efficient red-emitting LEDs can be made based on exciplex emission from mixtures of donor and acceptor polymers. 22, 23 Here we investigate the photophysical processes associated with the exciplex in a MDMO-PPV: PCNEPV bulk heterojunction device. The chemical structure of MDMO-PPV and PCNEPV ͑Refs. 25 and 26͒ are shown in Fig. 1 . PC-NEPV has a relatively high electron affinity due to the strongly electron withdrawing cyano substituents and functions as the electron accepting component in the blend. PC-NEPV is a derivative of CN-PPV, for which charge transfer has been shown in MEH-PPV: CN-PPV blends. 2 PCNEPV has also been used in bilayer photovoltaic devices blended with MEH-PPV on TiO 2 . 27 Photovoltaic devices based on the MDMO-PPV: PCNEPV blends reach power conversion efficiencies up to 0.75% under standard conditions ͑AM1.5, 1000 W / m 2 ͒ after thermal annealing and a maximum efficiency for the conversion of incident photons into collected electrons ͑IPCE͒ of 23% at photon energies of 2.48 eV. 28 For the blends under study, phase segregation with typical length scales of 20-50 nm could be observed by TEM after thermal annealing of the film. For the untreated film, no phase segregation could be observed by atomic force microscopy ͑AFM͒. 28 The IPCE for the films that have not been annealed is lower than for the treated films ͑8-10 % at 2.48 eV͒. The photovoltaic effect in the untreated films indicates that also in these films phase segregation occurs to some extent. The cells are further characterized by a relatively high open circuit voltage of 1.3-1.4 V, 28 that stems from the relatively large separation between the valence-band level of MDMO-PPV and the conduction-band level of PCNEPV. The IPCE value of 23% leaves no doubt that absorption of light results in generation of charge carriers in this blend but we show that photoexcitation of a MDMO-PPV: PCNEPV blend also results in the formation of a luminescent exciplex. Herein we demonstrate that a relatively low electric field suffices to dissociate a significant fraction of this exciplex into free charge carriers, allowing for photovoltaic energy conversion. The exciplex can also decay to a lower-lying triplet excited state associated with MDMO-PPV. Such field-enhanced triplet formation may ultimately be one of the factors limiting solar cell performance of polymer-polymer bulk heterojunctions.
II. EXPERIMENT
Poly͓oxa-1,4-phenylene-͑1-cyano-1, 2-vinylene͒-͑2-methoxy-5-͑3,7-dimethyloctyloxy͒-1,4-phenylene͒-1, 2-͑2-cyanovinylene͒-1,4-phenylene͔ ͑PCNEPV͒ was synthesized according to literature procedures. 25, 26 The material used for this study had a weight average molecular weight ͑M w ͒ of 48 kg/ mol with a polydispersity index ͑PDI͒ of 4 as measured by size-exclusion chromatography ͑SEC͒ versus polystyrene standards. Poly͓2-methoxy-5-͑3,7-dimethyloctyloxy͒-1,4-phenylenevinylene͔ ͑MDMO-PPV, M w = 570 kg/ mol and PDI= 5͒ was synthesized via the sulfonyl route. 29 Composite MDMO-PPV: PCNEPV films were spin coated from chlorobenzene containing 0.25 wt % of each component. Prior to spin coating the solution was stirred at 70°C for 1 h. The resulting films had a thickness of 40 nm as determined by profilometry ͑Tencor P10͒. Some measurements were carried out on annealed films. These films were annealed at 120°C in a N 2 atmosphere for 15 min. Devices were prepared using glass substrates with patterned indium tin oxide ͑ITO͒ ͑Philips Research͒. After careful scrubbing, cleaning, and UV-ozone treatment, a 60-nmthin layer of poly͑3,4-ethylenedioxythiophene:poly͑styrene sulfonate͒ ͑PEDOT: PSS͒ ͑Baytron P, H.C. Starck͒ was applied by spin coating, followed by the MDMO-PVV: PCNEPV blend. The metal back electrode of LiF ͑1 nm͒ and Al ͑150 nm͒ was evaporated at 10 −7 mbar through a shadow mask. By this way four devices were created per substrate with areas of 0.095, 0.167, 0.37, and 1.03 cm 2 , respectively. The 0.095-cm 2 and 0.37-cm 2 devices were used for photoinduced absorption measurements, the 0.167-cm 2 devices were used for time-resolved fluorescence measurements.
UV/vis absorption and fluorescence spectra were recorded with a Perkin-Elmer Lambda 900 spectrometer and an Edinburgh Instruments FS920 double-monochromator luminescence spectrometer using a Peltier-cooled red-sensitive photomultiplier, respectively. Films deposited on quartz substrates were used for UV/vis and fluorescence measurements. Time-correlated single-photon counting fluorescence studies were performed using an Edinburgh Instruments LifeSpec-PS spectrometer. This instrument comprises a 400-nm ͑3.10-eV͒ picosecond laser ͑PicoQuant PDL 800B͒ operated at 2.5 MHz and a Peltier-cooled Hamamatsu microchannel plate photomultiplier ͑R3809U-50͒. Near steady state photoinduced absorption ͑PIA͒ spectra were recorded between 0.35 and 3.00 eV by exciting with 2.70-eV photons from a mechanically modulated ͑275-Hz͒ cw Ar + laser. The resulting change in transmission ͑⌬T͒ of a tungsten halogen probe light through the sample was monitored with a phase-sensitive lock-in amplifier after dispersion by a grating monochromator and detection using Si, InGaAs, and cooled InSb detectors. The pump power incident on the sample was typically 25 mW with a beam diameter of 2 mm. The PIA ͑−⌬T / T͒ was directly calculated from the change in transmission after correction for the photoluminescence. Photoinduced absorption spectra and photoluminescence spectra were recorded with the pump beam in a direction almost parallel to the direction of the probe beam. For measurement on devices, the probe beam was detected after reflection at the back electrode of the device at an angle of 45°t o the incident probe beam. Temperature was controlled between 80 and 300 K with an Oxford Optistat cryostat.
J-V characteristics of the devices were measured with a Keithley 2400 source measuring unit in a N 2 atmosphere using "white" light illumination by a tungsten halogen lamp in combination with a KG1 infrared and a GG385 UV filter. The resulting illumination density was 75 mW/ cm 2 . The photocurrent was also measured using a modulated excitation ͑77 Hz͒ with 2.70-eV photons with intensity 0.8 W / cm 2 from the Ar + laser used in the PIA measurements, under background light illumination from a tungsten halogen lamp with similar intensity. The current was evaluated by measuring the amplitude of the oscillating voltage over a probe resistance R S ͑0.01 ⍀͒ connected in series with the device using a lock-in amplifier. The driving voltage over the device was applied using a Keithley 2400 source measuring unit. During the measurement the device was held in a vacuum using an Oxford Optistat cryostat, at room temperature or at 80 K.
The femtosecond laser system used for pump-probe experiments consisted of an amplified Ti/ sapphire laser ͑Spec-tra Physics Hurricane͒, providing 150-fs pulses at 800 nm with an energy of 750 J and a repetition rate of 1 kHz. The pump pulses at 510 nm ͑2.43 eV͒ were created via optical parametric amplification ͑OPA͒ of the 800 nm and frequency doubling. The probe beams at 2200 nm ͑0.56 eV͒ and 980 nm ͑1.27 eV͒ were generated in a separate OPA. The pump beam was linearly polarized at the magic angle ͑54.7°͒ with respect to the probe beam, to cancel out orientation effects in the measured dynamics. The temporal evolution of the differential transmission was recorded using a cooled InSb detector ͑at 0.56 eV͒ or a Si detector ͑at 1.27 eV͒ by a standard lock-in technique at 500 Hz.
III. RESULTS

A. Exciplex formation in MDMO-PPV: PCNEPV films
and photovoltaic devices Figure 2 shows the optical absorption and fluorescence spectra for thin films of PCNEPV, MDMO-PPV, and their 1 : 1 wt blend. PCNEPV shows an absorption in the blue part of the spectrum with a maximum at 2.72 eV and an absorption coefficient ␣ = 1.5ϫ 10 5 cm −1 . The onset of absorption of PCNEPV at 2.4 eV is at considerably lower energy than for the corresponding polymer without cyano substituents ͑PPV ether͒ at 2.8 eV. 30 In contrast, CN-PPV, which lacks the ether linkages, shows an onset at already 2.1 eV. 31 PCNEPV films show a bright yellow fluorescence with a maximum at 2.12 eV. The fluorescence maximum shows a large shift from the absorption maximum, which was also found for CN-PPV and may be related to the charge transfer ͑CT͒ character of the excitation arising from the presence of the strongly electron withdrawing cyano moieties. The lifetime of the fluorescence is exceptionally long for a conjugated polymer: =14 ns ͑Fig. 3͒. For the related CN-PPV a lifetime of 5.6 ns has been reported 32 and these long lifetimes have been rationalized to result from an interchain excitation. 32 MDMO-PPV shows an absorption maximum at 2.4 eV with ␣ = 1.1 ϫ 10 5 cm −1 . The onset of absorption occurs at 2.1 eV which shows that of the two polymers in the blend, MDMO-PPV has the lowest excited singlet state ͑S 1 ͒. For the pure MDMO-PPV film we observe the first vibronic in the fluorescence at 2.11 eV. The fluorescence lifetime of MDMO-PPV is = 0.36 ns ͑Fig. 3͒.
The absorption spectrum for the 1 : 1 wt blend ͑Fig. 2͒ shows that both polymers contribute to the absorption spectrum that peaks at 2.55 eV. In comparison with films of PC-NEPV, the maximum intensity of the photoluminescence from the blend is reduced by a factor 34 and by a factor of 3 compared to MDMO-PPV. Interestingly, the spectral position of the emission differs from the fluorescence spectra of MDMO-PPV and PCNEPV. This different type of emission has its maximum intensity at 1.85 eV. The excitation spectrum of the blend ͑dotted line in Fig. 2͒ shows that the new emission can be generated via excitation of both MDMO-PPV and PCNEPV. By taking the ratio between the amplitudes in the excitation spectrum and the absorption spectrum, the dependence of the quantum yield of luminescence on excitation photon energy can be evaluated. From the data, it follows that the anomalous red emission in the mixture is generated more efficiently at excitation photon energies E Ͼ 2.8 eV when compared to E Ͻ 2.8 eV. After pulsed excitation, the emission initially decays with a lifetime = 1.6 ns. Apparently, the luminescent excited state in the blend has a longer lifetime than the S 1 state of MDMO-PPV but a shorter lifetime than the S 1 state of PCNEPV ͑see Fig. 3͒ . We assign the photoluminescence at 1.85 eV to originate from an exciplexlike excited state formed at the interface between the electron donating and accepting polymers. Such exciplexes have previously been reported for a number of polymer-polymer combinations. [22] [23] [24] The exciplex emission of the MDMO-PPV: PCNEPV blend can also be observed when the polymer layer is embedded in a device structure with a PEDOT: PSS bottom contact and a LiF/ Al top contact ͑see Sec. II͒. We find that the intensity of the photoluminescence ͑PL͒ in these structures depends on the bias voltage applied over the device ͑Fig. 4͒. At room temperature, the intensity of the luminescence decreases when applying a voltage lower than the built-in potential ͑V bi ͒. At the low light intensities used in the PL measurements, the internal electric field inside the device vanishes when the difference in work function of the two electrodes used ͑V bi = 0.9 V͒ is compensated by an externally applied voltage. 33 This decrease of the PL indicates that the exciplex splits up into a pair of oppositely charged carriers under the influence of the electric field inside the device. Under forward bias, however, the intensity increases sharply for voltages Ͼ2 V. This rapid increase arises from electroluminescence. The spectra of the electroluminescence and the photoluminescence at low voltages are almost identical ͑see the inset in Fig. 4͒ . At low temperature ͑80 K͒, the exciplex luminescence increases. Again the intensity is dependent on the applied bias and a maximum in intensity occurs close to the built-in voltage, meaning that the field-enhanced exciplex dissociation occurs under forward and reverse bias as expected. At low temperature the electroluminescence sets in at higher values of the applied bias ͑5 V͒, because injection of charges is more difficult at lower temperatures.
In Fig. 5 we show the results of a time-resolved luminescence experiment on the polymer blend in a device structure ͑T = 298 K͒. The graph shows that the lifetime of the exciplex emission also depends on the applied bias. At more negative bias we observe a reduction of the lifetime of the exciplex emission. The inset in Fig. 5 shows the early time domain of the experiment. At 2.25 eV, where the MDMO-PPV emits, we observe a very weak emission ͑see also process occurs at times shorter than 100 ps after photoexcitation. The more intense exciplex emission ͑measured at 1.90 eV͒ rises more slowly than the residual MDMO-PPV emission. The rise can be modeled with a convolution of the instrument response and an exponential decay function with a 1.4-ns decay time ͑dashed line in the inset of Fig. 5͒ . This demonstrates that the majority of exciplexes are formed within a time period much shorter than 100 ps after excitation. The fluorescence measurements are consistent with formation of the exciplex out of MDMO-PPV ͑and PCNEPV͒ excitations that have diffused towards the interface.
In additional experiments on shorter time scales, using subpicosecond pump-probe spectroscopy, we were able to probe photoinduced absorption transients at 0.56 and 1.27 eV after photoexcitation ͑200 fs͒ with 2.43-eV photons. These probe energies correspond to the low-and high-energy absorptions of MDMO-PPV radical cations, as will be shown later. The absorption traces pertaining to 0.56 and 1.27 eV ͑Fig. 6͒ exhibit the same temporal evolution and rise within the time resolution of the experimental setup ͑ϳ0.3 ps͒. Bimolecular exciton-exciton annihilation at short delays is evident from the pump intensity dependence of ⌬T / T ͑inset of Fig 6͒. However, following this rapid decay the induced absorption shows a slow decay with a time constant ϳ1 ns. We assign the relatively slowly decaying photoinduced absorption signals to exciplexes. Incidentally, the almost identical decay of the induced absorption traces at 0.56 and 1.27 eV indicates that MDMO-PPV triplet states ͓which do absorb at 1.27 eV ͑see below͒, but not at 0.57 eV͔ are not formed to a significant extent in the 0-1-ns time domain.
B. Long-lived photoexcitations in MDMO-PPV: PCNEPV films and photovoltaic devices
Long-lived excitations such as triplet states and radical ions with lifetimes in the microsecond to millisecond range can be investigated by monitoring the photoinduced absorption ͑PIA͒ with mechanically modulated excitation and lock-in detection ͑see Sec. II for details͒. For the materials under study the results of these experiments are shown in Fig. 7 . The PIA spectrum of pristine MDMO-PPV ͓Fig. 7͑b͔͒ exhibits a triplet absorption band ͑T n ← T 1 ͒ band centered at 1.35 eV and a bleaching band at 2.14 eV. 34 The PIA spectrum of pristine PCNEPV ͓Fig. 7͑b͔͒ shows a bleaching band above 2.4 eV, a large triplet absorption band at 2.02 eV, 35 and three smaller bands at 0.95, 1.15, and 1.34 eV that are also attributed to the triplet absorption because they show the same modulation frequency and pump power dependence as the absorption at 2.02 eV. We also determined the spectra of the radical cation of MDMO-PPV and the radical anion of PCNEPV. The former was obtained by recording the PIA spectrum of a blend of MDMO-PPV with a fullerene derivative ͑PCBM͒ ͓Fig. 7͑c͒, dashed line͔. 36 The absorption of the fullerene ͑PCBM͒ anion ͑at about 1.24 eV͒ makes an insignificant contribution to the PIA spectrum, because of the much lower absorption coefficient. Hence the PIA spectrum in Fig. 7͑c͒ spectrum shows essentially that of the MDMO-PPV radical cation only. 37 The absorption of the PCNEPV radical anion was determined using a spectroelectrochemical experiment. The differential absorption of PCNEPV at a electrochemical potential of −1.3 V vs Fc / Fc + ͑i.e., in the reduced form͒ and at 0 V ͑i.e., in the neutral form͒ is shown + ͑solid line͒ at room temperature and PIA spectrum of a MDMO-PPV/ PCBM blend ͑dashed line͒. All PIA spectra were recorded at 80 K with excitation at 2.70 eV, using a modulation frequency of 275 Hz. Fig. 7͑c͒ ͑solid line͒. In the reduced ͑negatively charged͒ state PCNEPV absorbs strongly at 1.28 and 1.82 eV. The negative signal at 2.82 eV in the differential spectrum ͓Fig. 7͑c͔͒ is a bleaching signal that arises from the depletion of the neutral state of PCNEPV.
Having determined the absorption spectra of MDMO-PPV and PCNEPV in their triplet and charged states, we now turn to the PIA spectrum of their blend. Figure 7͑a͒ shows that in the MDMO-PPV: PCNEPV͑1:1 wt͒ blend, a relatively strong PIA signal is observed at 1.35 eV together with a bleaching band at 2.14 eV, after photoexcitation of both components at 2.70 eV. By comparing the PIA spectra for the blend and the pure materials, the main long-lived induced absorption in the blend can unambiguously be attributed to the MDMO-PPV triplet state. The lifetime of the triplet state in the blend is about 0.1 ms, as inferred from the modulation frequency dependence of the signal intensity. The bleaching at 2.14 eV can also be attributed to MDMO-PPV ͑see also Fig. 2͒ , supporting the assignment that the long-lived excitations reside on MDMO-PPV and not on PCNEPV. When illuminating the blend with 2.17-eV photons, MDMO-PPV is selectively excited. This results in a PIA signal that is virtually the same as the PIA observed with 2.70-eV excitation where also PCNEPV is excited initially. It is important to note that the intensity of the PIA signal in the blend is higher than in films of pure MDMO-PPV ͑with identical optical density͒. Apparently the quantum yield for MDMO-PPV triplet formation is increased in the blend compared to the pure material, despite the fact that the at the same time the photoluminescence MDMO-PPV is strongly quenched and the lifetime of the MDMO-PPV S 1 state is much shorter than 100 ps. The possibility that increased PIA signal results from a longer lifetime in the blend could be ruled out. By measuring the modulation frequency dependence, we verified that the lifetimes associated with the 1.35-eV signals in MDMO-PPV and in the MDMO-PPV: PCNEPV blend are identical ͑0.1 ms͒ and much shorter than the modulation cycle ͑ϳ2 ms͒ used to record the spectra in Fig. 7 . The increased triplet yield and the simultaneous loss of fluorescence indicate that the long-lived triplet excitations probed by PIA probably do not form directly via intersystem crossing from the MDMO-PPV S 1 state. Instead, we propose that the MDMO-PPV T 1 state evolves from the exciplex state that is formed within 100 ps after excitation ͑see above͒.
Thermal annealing of the blend prior to the PIA measurements has only a marginal effect on the PIA spectrum: a slight decrease of the 1.35-eV band and an increase of the signal at ϳ1.85 eV and the band at 0.50 eV. Comparison of the PIA of the blend and spectra for the charged states of the MDMO-PPV and PCNEPV ͓Fig. 7͑c͔͒ shows that the shoulder around 1.85 eV observed in the annealed MDMO-PPV: PCNEPV blend may be attributed to a low concentration of PCNEPV radical anions. In accordance with charge formation, the additional higher intensity of the PIA band present at 0.50 eV may be attributed to the absorption of the radical cation of the MDMO-PPV. 35 The bleaching, triplet, and radical cation ͑0.50 eV͒ PIA signals for the blend all show a very similar sublinear dependence ͑ϳI 0.4-0.5 ͒ on excitation intensity. The changes in the PIA after thermal annealing are consistent with a higher efficiency for formation of charges ͑MDMO-PPV + and PCNEPV − ͒. We note that annealing of the blend results in an increase of the efficiency of photovoltaic energy conversion by a factor of 2. 28 Furthermore, we observe a reduction of the exciplex photoluminescence efficiency by approximately the same factor after annealing.
In Fig. 8 we show results for PIA measurements at 80 K with 77-Hz modulation frequency on MDMO-PPV: PCNEPV blends in photovoltaic devices, i.e., sandwiched between ITO/ PEDOT: PSS and LiF/ Al electrodes. In the bottom part ͓Fig. 8͑b͔͒ we present the induced absorption including ITO/ PEDOT: PSS electrode as measured in the transmission mode. In this measurement the pump and probe beam are focused on an area of the device that is not covered by the LiF/ Al back electrode. Comparing the spectrum in Fig. 8͑b͒ with that of the blend on quartz ͓Fig. 7͑a͔͒ we notice a strong similarity. Therefore the main long-lived photoexcitation in the blend is the MDMO-PPV T 1 state, also in the presence of an ITO/ PEDOT: PSS electrode.
Because the transmission of the probe light through the photovoltaic device is hampered by the presence of the reflecting LiF/ Al electrode, we performed reflection measurements to evaluate the photoinduced absorption. In Fig. 8͑a͒ we show the photoinduced relative differential reflectivity, ⌬R / R, on the same device as used for the measurements in Fig. 8͑b͒ . One of the problems in measuring photoinduced absorption on devices in reflection geometry is the reduced absorption of light by films on which a metal electrode is evaporated as compared to plain films without electrodes. The reduced absorption is caused by the electromagnetic field being almost zero at the metal electrode. 38 In order to satisfy this condition, the incoming light has to interfere de- structively with the reflected light wave near the metal surface. This results in very small amplitudes of the electric field of the light ͑/E / ͒ near the electrode that strongly suppresses absorption of light by the polymer near the metal interface. The effect is most noticeable when the wavelength of the light is much larger than the thickness of the film. To correct for this effect, we divide the measured absorption at each wavelength by the /E/ 2 profile integrated over the film thickness t:
xͪdx. ͑1͒
Here n() is the wavelength-dependent refractive index of the film. 39 This correction has been carried out on the ⌬R / R spectra shown in Fig. 8͑a͒ .
At zero bias we observe a ⌬R / R spectrum that looks rather similar to transmission PIA of the blend ͓Fig. 7͑a͔͒ and the device ͓Fig. 8͑b͔͒. The main feature at 1.38 eV can be attributed to the T 1 triplet state of MDMO-PPV. This assignment is supported by the bleaching signal at 2.18 eV which can be safely attributed to the depletion of the ground-state absorption of MDMO-PPV. A bleaching of the PCNEPV ground-state absorption is not observed, indicating that the long-lived excitation resides almost exclusively on MDMO-PPV. At the spectral positions corresponding to the strong absorption bands of the MDMO-PPV radical cation ͑0.50 eV͒ and the PCNEPV radical anion ͑1.85 eV͒ only relatively weak induced absorptions are recorded, showing that the MDMO-PPV + / PCNEPV − charge-separated state ͑CSS͒ is only a minor photoproduct at this time scale.
The ⌬R / R spectrum measured in reflection shows a noticeable dip at 1.56 eV ͓Fig. 8͑a͒, marked with an asterisk͔. We have observed this dip also for films of pure MDMO-PPV with an Al electrode. Careful analysis of the phase and frequency dependence of this signal shows that the dip at 1.56 eV results from an additional ⌬R component with a lifetime different from that of the MDMO-PPV T 1 state and with a negative amplitude at 1.56 eV. We assign this component to the thermoreflection effect of Al layers as reported by Rosei. 40 Here it was shown that at certain spectral position, corresponding to an interband transition of Al, the reflectivity of Al changes relatively strongly with temperature. The ⌬R / R spectrum of Al measured at 120 K using a modulated heating power resulting from an ac current through the Al shows a relatively large positive contribution at 1.56 eV, a zero crossing at 1.44 eV, and a negative contribution at 1.30 eV. In our experiments, illumination with the modulated Ar + laser beam results in formation of various photoexcitations, which eventually decay to the ground state of the system and producing heat. The heat generated in the polymer layer will diffuse to the Al electrode, resulting in a slight temperature change of the Al layer. Eventually, the heat in the polymer and the thin Al layer will diffuse into the thick glass substrate. This one-dimensional heat transport gives rise to thermal excitations that decay in time according to 1 / ͱ t, 41 in agreement with the long-lived nature of the ⌬R / R feature at 1.56 eV in the device.
At +2 V bias, all photoinduced absorption ͑⌬R / R͒ bands in the blend are strongly reduced except for the thermoreflectivity feature of the Al layer centered on the 1.44 eV zero crossing ͓Fig. 8͑a͔͒. Incidentally, this allows us to confirm that the thermoreflectivity feature of the Al electrode makes up only a relatively small component of the induced reflectivity at zero bias. We ascribe the loss of the long-lived PIA signal to quenching of the photogenerated triplet state by injected charge carriers under these conditions. In addition, also precursor states ͑e.g., the exciplex͒ of the long-lived triplet state may be quenched by injected carriers. Figure 8͑a͒ also shows the ⌬R / R at negative bias ͑−3 V͒. At −3V, the induced reflectivity spectrum shows a similar shape as the spectrum recorded at zero bias, but the amplitude has almost doubled.
To study this remarkable bias voltage dependence of ⌬R / R further, we monitored the photoinduced reflectivity at sharply below V OC with decreasing ͑more negative͒ bias and seems to level off for V Ͻ −2 V. By monitoring the modulation frequency dependence at different bias voltages we verified that the lifetime does not depend on the bias and hence the increase in signal at more negative bias is due to more triplet states. At bias voltages higher than V OC , the induced triplet absorption practically vanishes. Figure 9͑c͒ shows that the PCNEPV radical anion signal at 1.80 eV shows essentially the same behavior. The small positive ⌬R / R signal in Fig. 9͑c͒ under forward bias ͑V Ͼ V OC ͒ is due to fluorescence. At room temperature the induced reflectivity at 1.44 and 1.80 eV is considerably smaller than at 80 K because the lifetime of the induced photoexcitations is shorter.
We have also measured the photoinduced current under the same conditions as used in the PIA measurements ͓Fig. 9͑a͔͒. The mechanically modulated illumination ͑2.70 eV, 0.8 W / cm 2 , 77 Hz͒ allows for standard lock-in detection of the current. Here the amplitude and phase of the current as a function of bias and modulation frequency are measured. The photocurrent was found to be in phase with the laser light at the modulation frequency used for all bias voltages used, except for voltages ϾV OC under forward bias at 80 K where a small phase lag on the order of 10°is observed. The absence of an appreciable phase lag shows that the transit time of the majority of photogenerated charge carriers must be considerably shorter than the period of the modulation cycles ͑ϳ10 ms͒ even at 80 K.
In Fig. 9͑a͒ we show the amplitude of the photocurrent as a function of bias voltage. For voltages above V OC , the amplitude of the photocurrent is much smaller than for voltages below V OC . When applying voltages above V OC to the device, a significant number of charge carriers are injected through the contacts. From electromodulation spectroscopy on polymer light-emitting diodes it was recently inferred that under forward bias, the internal electric field in the device is effectively screened by accumulation of trapped electrons at the PEDOT: PSS electrode. 42 A similar effect in our diodes could explain the loss of photocurrent for V Ͼ V OC . Due to the low electric field inside the device, excitations would not dissociate into free carriers. In addition, the reduction of the photocurrent for V Ͼ V OC may result from annihilation of either the precursor states of the carriers or the carriers themselves by charge carriers injected through the electrodes. The observation of electroluminescence for V Ͼ V OC indicates that quenching of the exciplex state by injected carriers plays only a minor role. For voltages below V OC , the number of injected carriers is of course negligible and quenching of excitations by injected carriers may be neglected.
With increasing reverse bias, the photocurrent slowly increases and reaches its maximum value only at very low bias voltages. This shows that the efficiency of the collection of photoinduced charge carriers strongly depends on the bias. Upon reducing the temperature the short-circuit current ͑J SC ͒ drops by a factor of 3.2. This shows that the efficiency is also strongly temperature dependent. At low temperature J SC increases slowly with increasing negative bias and saturates for voltages below −2.5 V. At −2.5 V, the ratio between the photocurrent measured at 295 and 80 K is much smaller than the ratio at zero bias. This indicates that the relatively high electric field can compensate the reduction in efficiency resulting from the lower thermal energy at 80 K.
IV. DISCUSSION
A. Energy of the exciplex
From extensive research on mixtures of small aromatic molecules with electron donating and electron accepting properties it is well known that photoexcitation of one of the two components may cause the formation of an exciplex between the ͑photoexcited͒ donor and acceptor in which there is partial charge transfer. Exciplex formation is to be expected when the difference of the electron affinity of the electron accepting molecule ͑EA A ͒ and the ionization potential of the electron donating molecule ͑IP D ͒ is comparable to the energy of the lowest excited singlet state of either the donor or acceptor. In some cases luminescence is observed from the exciplex, which allows for a direct determination of its energy. A linear correlation between the photon energy at the maximum of the exciplex emission band ͑when hexane is used as solvent͒ and the quantity EA A − IP D has been observed: 21 h ems
The difference EA A − IP D is usually determined from cyclic voltammetry ͑CV͒ measurements and corresponds to the energy needed to create an electron-hole pair with infinite separation in the solvent used for CV. The exciplex may in first approximation be regarded as an electron-hole pair at close distance. The energy of the exciplex is expected to be equal to EA A − IP D plus an additional ͑negative͒ term describing the Coulombic binding energy of the electron and hole in the exciplex which may be estimated at a few tenths of eV. For couples of relatively strong donors and acceptors, the experimental value for ⌬, which may represent the Coulombic potential energy, is, however, quite small: 0.1± 0.08 eV. 21 The small value observed for ⌬ is usually interpreted in terms of a partial cancellation of the Coulombic term by the high solvation energy of the charges in the polar solvents used for CV.
For the PCNEPV and MDMO-PPV polymers under study here, EA A − IP D amounts to 1.81 eV, 28 which is close in energy to the MDMO-PPV S 1 state ͑2.1 eV͒. The excimer has its maximum emission intensity at 1.85 eV and therefore the empirical correlation ͑2͒ seems to hold also for this set of polymers.
Another empirical correlation that may be made concerns Charge carriers in a molecular solid can be stabilized by electronic polarization of the molecules surrounding the charge carrier. The energies involved are considerable ͑e.g., 0.8 eV predicted for electrons in an ␣-sexithiophene crystal 45 ͒. To estimate the energy of the charge separated state for a molecular material from CV measurements requires evaluation of the difference in polarization and solvation energies of the charge carriers in the material and the solvent used for CV. In practice this is very difficult.
The polarization stabilization of an exciplex is expected to be much less than the sum of the polarization stabilizations of the infinitely separated electron-hole pair. Therefore in molecular solids, the energy of an electron-hole pair with a distance between carriers sufficiently large to profit from the polarization energy of the material and small enough to still have some stabilization due to the Coulomb interaction, may in principle be lower than that of the exciplex state.
For the polymers under study here, the experimental observation of electrogenerated exciplex luminescence at low temperature ͑T =80 K͒ shows that the energy of electronhole pairs must either be higher or comparable in energy ͑±0.04 eV͒ to the exciplex state, as electron-hole pairs spontaneously combine to form the exciplex state. Assuming the electron-hole pair states to be slightly higher in energy than the exciplex state, the rise of the quantum yield for exciplex luminescence upon lowering the temperature and the lengthening of its luminescence lifetime follow naturally. This assumption together with the relatively short lifetime of the exciplex in the absence of any applied field imply that efficient decay channels exist to states other than charge separated states. The existence of such channels would not be consistent with a very high photovoltaic efficiency. However, experimental values for the IPCE of unannealed films as studied with luminescence spectroscopy amount to 8-10 % only and therefore seem compatible with charge pair states being slightly higher in energy than the exciplex state.
To illustrate the photophysical processes that may occur in the blend of polymers, we show an energy diagram in Fig.  10 that illustrates the energetic position of various states. The strong quenching of the fluorescence of MDMO-PPV shows that its S 1 state decays rapidly into an exciplex or into a charge-separated state ͑CSS͒. In the diagram we assume that the MDMO-PPV + / PCNEPV − charge-separated state ͑CSS͒ with charges at a large distance has a higher energy than the exciplex state and that work has to be performed to separate the charges against the Coulombic attraction force. The energy of the MDMO-PPV T 1 state is at ϳ1.3 eV.
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B. Dissociation of the exciplex in an electric field
The exciplex may dissociate into free charge carriers under the influence of an electric field. Experimental evidence for this field-induced exciplex dissociation comes from two experiments: ͑i͒ the photocurrent measurements and ͑ii͒ the emission lifetime and intensity measurements at variable bias. The probability for exciplex dissociation is also expected to depend on the available thermal energy. Indeed, we observe that at a given reverse voltage, the photocurrent at low temperature is smaller than at room temperature. The fact that the photocurrent at very high reverse voltage reaches similar values for both high and low temperature indicates that the smaller thermal energy available for exciplex dissociation at low temperatures can be compensated by a higher applied field.
Exciplex states can have either a singlet or triplet spin signature ͑S ex and T ex in Fig. 10͒ . The triplet exciplex state is expected to be lower in energy than the singlet due to its exchange correlation. When the overlap between the orbitals occupied by the electron and the hole is large, the energy separating the singlet and triplet exciplex levels ͑⌬E ST ͒ is considerable. Here we assume that for the exciplex at the interface between the MDMO-PPV and PCNEPV polymer phases, a considerable ⌬E ST exists ͑ӷk B T͒. For the charge separated state ͑CSS; see Fig. 10͒ the overlap between the orbitals occupied by the electron and hole will be very small, especially when the carriers are far apart. This results in a vanishingly small energy splitting between singlet and triplet levels when the charge carriers are far apart. When the CSS state is formed out of another state with particular spin quantum numbers, the mutual coherence between the separated spins originating from the parent state is lost rapidly due to thermal fluctuations. Here the relevant time scale is the spin dephasing time ͑ϳs͒. Thus a relatively long-lived CSS state with its electron and hole far apart can best be described as a diradical with the two spins behaving independently.
Due to the forbidden nature of transitions between singlet states and triplet states, the most likely state to be formed from the MDMO-PPV S 1 or PCNEPV S 1 states is the singlet exciplex state ͑S ex , see Fig. 10͒ . Similarly, decay of the singlet exciplex to the MDMO-PPV T 1 or to the PCNEPV T 1 is also spin forbidden, leading to only a small yield for these FIG. 10 . State energy diagram of the various singlet ͑S͒, triplet ͑T͒, exciplex ͑ex͒, and charge-separated ͑CSS͒ states in the donor ͑D͒-acceptor ͑A͒ blend of MDMO-PPV and PCNEPV; and transitions ͑ET= energy transfer; CS= charge separation; PL = photoluminescence; ISC= intersystem crossing͒ between these states. Crosses indicate processes that do occur in the pure materials, but that are quenched in the blend. triplet states. Interestingly, picosecond photoinduced absorption spectroscopy confirms that triplet formation occurs only with low yield on short time scale. From the near-steadystate PIA measurements we know that the T 1 of the polymers absorbs relatively strongly at 1.27 eV whereas it absorption at 0.56 eV is vanishingly small. The cross sections for photon absorption at the maxima of the absorption bands are approximately equally large for the triplet and the charged states of the conjugated polymers. This follows from referencing differential absorption spectra of the triplet and the charged states to the magnitude of the bleaching band. The fast photoinduced absorption traces at 1.27 and 0.56 eV are, however, almost identical showing that in the 0-700-ps time window no significant formation of MDMO-PPV T 1 states occurs. If this would have occurred, the absorption trace at 1.27 eV should decay more slowly than the trace recorded at 0.56 eV probe energy.
C. Electric-field enhanced triplet formation
To explain the rise of the triplet absorption spectrum in the devices under influence of the electric field we reason as follows. The electric field assists in separating the hole and electron comprising the exciplex. This can result in formation of free carriers, as is evidenced by the rise in the photocurrent. A significant fraction of the carriers may, however, still recombine because the carriers do not have enough energy to escape from the Coulombic attraction. During this process, the charge-carrier pair will have existed for a while as a weakly bound electron-hole pair with the two spins far apart. As discussed above the spin state of such a widely separated electron-hole pair can be viewed as a diradical provided that the lifetime of the separated state is long in comparison with the spin dephasing time. The separated electronhole pair may then collapse again to form a triplet state; the transition from the diradical CSS state to a triplet state is not spin forbidden and should occur with a probability of 0.75 in first approximation. This indirect route for triplet formation may be more efficient than the direct route for intersystem crossing of the exciplex singlet state to the triplet state ͑S 1 → T 1 ͒ resulting in a field-dependent efficiency for triplet formation. 47 At high electric fields, one may expect that the photogenerated charge carriers will be swept out of the device before they can recombine to the triplet state and hence one may predict a reduction of the yield of triplets at high electric fields. 48 The experimental data do not show such a reduction in the range of electric fields studied. We remark that even for some of the most efficient polymer solar cells known, namely the MDMO-PPV-fullerene bulk hetero junction cells, only 60% of the charge carriers are swept out of the device under short-circuit conditions. Even for these optimized cells, electric fields with strength E Ͼ 8 ϫ 10 5 V/cm are needed for quantitative collection of charge carriers. 49 Sweeping out the charge carriers before they can recombine implies a rate for escape of a charge carrier from the geminate pair equal to the attempt frequency for escape. The absence of a reduction of the triplet yield at high fields may therefore be rationalized in terms of relatively steep potential well for the geminate pair with a high attempt frequency for escape, high probability for formation of the triplet for each attempted escape and low probability for escape per attempt.
V. CONCLUSIONS
The open-circuit voltage of photovoltaic devices with a polymer-polymer bulk heterojunction may be increased by choosing a combination of materials in which the chargeseparated state has a high energy. The simple design rule to increase the open-circuit voltage is to increase the difference EA A − IP D . The present study confirms this design rule through the observation of a relatively high opencircuit voltage ͑1.36 V͒ for photovoltaic devices with the MDMO-PPV: PCNEPV blend as active layer.
A charge-separated state that is high in energy and therefore closer to the energy of the lowest excited singlet states of the polymers allows for radiative decay of the exciplex resulting from admixture of the lowest excited singlet states to the charge-separated state. For the MDMO -PPV: PCNEPV blend we have indeed found compelling evidence for the occurrence of such an exciplex state. Temperature-dependent measurements show that an electric field assists in the dissociation of the exciplex into "free" charge carriers. A drawback of a combination of donor and acceptor polymers featuring a high-energy intermolecular charge-separated state is that this state is higher than the lowest triplet state of the polymer, which allows for recombination of electrons and holes to form a triplet exciton. This process was identified in MDMO-PPV: PCNEPV blends where the yield of MDMO-PPV triplets was higher than in pure MDMO-PPV and increased with the applied electric field across the layer. The observation of this field-dependent triplet formation demonstrates that spin selection rules, in combination with the strong Coulombic attraction between holes and electrons at the active interface, can play an important role in the recombination kinetics of photoinduced charges in polymer photovoltaics. From the perspective of photovoltaic energy conversion, this could be a disadvantage because triplet formation may present a significant loss channel.
